Summary. Instillation of oil into progesterone-primed, oestrogen-sensitized uteri of mice resulted in secretion patterns which were similar, but not identical, to those found on Day 5 of pregnancy. Stimulus-dependent responses common to pregnancy and the experimental decidual cell reaction included an early but transient increase in a 40 000 Mr basic protein and decreases in two other proteins. Some of the characteristic changes were also found after oil instillation in the progesterone-maintained 'non-receptive' uterus, even though subsequent decidualization did not occur. Instillation of cholera toxin, another deciduogenic substance, also resulted in patterns similar to those of pregnancy, including an increased secretion of a 25 000 Mr acidic protein which was only minimally produced during the oil-induced decidual cell reaction.
Introduction
With suitable hormonal priming, mouse and rat uteri respond to the blastocyst, and to certain artificial stimuli, with a localized increase in vascular permeability (the pontamine blue reaction), followed by a propagation and differentiation of stromal cells, the decidual cell reaction (DCR) (Finn, 1977) . Even before changes in vascular permeability can be detected, modification of nucleolar ultrastructure (Lundkvist & Nilsson, 1984) , increased uridine incorporation into RNA (Heald et al., 1975) and induction of at least one cytoplasmic protein (Denari et al., 1976) are evident in the stimulated uterus. These results suggest that the initial response of the uterus includes an increase in ribosomal RNA synthesis, and hence an increase in protein synthesizing ability, as well as changes in the expression of some individual proteins.
In studies of uterine protein secretion during the peri-implantation period, we have demonstrated changes in the secreted protein pattern which appear to occur in response to the blastocyst Nieder & Macon, 1987) . Secretion of certain proteins was modified in uterine horns containing embryos, compared to the contralateral horns which had been rendered sterile by tubal ligation on Day 1. These 'embryo-dependent' effects were observed both during normal implantation on Day 5, and during implantation after an experimentally induced delay. The onset of 'embryo-dependent' changes occurred in the same time frame as the initiation of the pontamine blue reaction.
A critical question regarding the observed changes in uterine protein secretion is whether this is a specific response to the embryo or a general reaction to any deciduogenic stimulus. To address this question, patterns of uterine protein secretion were examined following the experimental induction of the DCR by instillation of oil into the uterine lumen. Further experiments examined the effects of varied hormone priming on DCR-related changes in protein secretion, and the effect of cholera toxin, another known deciduogenic agent in the mouse (Rankin et al., 1977) .
Materials and Methods
Oil-induced decidual reaction. Virgin ICR Swiss mice, 6-10 weeks of age, were ovariectomized under pentobarbital anaesthesia (50 mg/kg). After 5 days, a priming regimen based on the studies of Finn & Martin (1972) Cholera toxin-induced decidual reaction. Ovariectomized mice were primed with progesterone and oestradiol-17ß as above to produce sensitized uteri. At 7 h after hormone injection on Day 9, 5 pg cholera toxin (Sigma Chemical Co.) in 10 µ phosphate-buffered saline were instilled into the uterine lumen, while control horns were instilled with 10 pi saline vehicle. This dose of cholera toxin has been shown to result in increased uterine cAMP and decidualization in ovariectomized, hormonally primed mice (Rankin et al., 1977) . At 18 h after instillation, control and treated horns were removed for analysis of protein secretion. The ability of cholera toxin to induce decidualization in this model was determined in parallel experiments, by weighing cholera toxin-treated uteri 72 h after instillation.
Labelling ofsecretedproteinsfrom explanted uteri. Segments of uterus, 2-3 mm long, were taken from treated and control uterine horns which had been opened by a longitudinal cut to expose the luminal epithelium. These expiants were preincubated for 1 h in a simple defined medium, (Brinster, 1971) containing 01 mg bovine serum albumin/ml, under a 5% C02/95% air atmosphere at 37°C (Nieder el al., 1987) . Tissues were then transferred to 50 pi of this same medium containing 200 pCi [35S]methionine/ml (sp. act. 1100 Ci/mmol: New England Nuclear, Boston, MA, U.S.A.) and incubated for 3 h. After the labelling period, the expiants were removed and the remaining medium was centrifuged to remove any cellular material. The resulting uterine 'conditioned media' were lyophilized, recon¬ stituted in electrophoresis lysis buffer containing 8 M-urea, 4% Nonidet P-40 and 2% pH 3-5-9-5 ampholytes (Ampholine, LKB, Gaithersburg, MD, U.S.A.), and stored at -70°C until assayed (within 7 days). Electrophoresis. Conditioned media samples were analysed by two-dimensional electrophoresis (O'Farrell, 1975) with fluorography, under conditions described previously (Nieder et ai, 1987) . TCA-precipitable 35S was measured in 3 pi aliquants of the samples before electrophoresis and about 35 000 c.p.m. of labelled protein were loaded onto each gel. The first dimension was an isoelectric focussing separation in a 3-5-9-5 pH gradient, run for 12 000-15 000 V.h. The second dimension was a 10-18% linear gradient polyacrylamide-SDS slab gel, run at a constant 4W per slab. After fixation in 30% methanol + 7% acetic acid, the gels were saturated with fluorographic reagent (Amplify, Amersham, Arlington Heights, IL, U.S.A.) and dried onto filter paper. Gels were exposed on Kodak XAR-5 X-ray filmât -70°Cfor7days.
Results
Response to oil instillation in oestrogen-'sensitized' uteri Instillation of oil into oestrogen-treated 'sensitized' uteri resulted in the expected decidual reaction as seen in increased uterine weights after 72 h (Table 1) . Radiolabelled proteins released into culture medium by expiants of oil-instilled uterine horns and the contralateral non-instilled control horns were collected at 1, 6, 12, 24 and 42 h after instillation. These proteins were then separated by two-dimensional electrophoresis and analysed by fluorography. No significant differences between instilled and control horns were seen in secreted proteins 1 h after oil instilla¬ tion (Figs la & b) . By 12 h, however, differences in the secretion patterns were evident (Figs 2a & b) .
Most obvious was the appearance of Protein 1 and reduction of Proteins 3 and 4 in the instilled horns compared to controls. Other changes, including an increase in Proteins 5 and 6 and a decrease in Proteins 7 and 8, occurred between 1 and 12 h in the instilled and control horns. At 6 h (fluorograms not shown), the pattern of secretion was variable. In some instances, the changes noted at 12 h were already present at 6 h. At 24 h, differences between instilled and control horns were still evident (Figs 3a & b) . Protein 1 was greater in the instilled horns, and Proteins 3 and 4 remained relatively depressed in the instilled horns. The group of 25 000 Mr acidic proteins, Protein 2, was increased at 24 h in the instilled and control horns compared to earlier times. Protein 7 was increased in both horns at 24 h compared to 12 h, but was higher in control horns. At 42 h, secretion patterns were similar to those at 24 h except that Protein 1 secretion was minimal in the instilled and non-instilled horns. Fig. 1 . Two-dimensional electrophoretic pattern of proteins secreted from uterine expiants 1 h after oil instillation. Ovariectomized mice were primed with progesterone and sensitized with oestradiol-17ß before the instillation of 10 µ arachis oil into the uterine lumen. After 1 h, secreted proteins from uterine expiants were collected and analysed as described in 'Materials and Methods'. In this and subsequent fluorograms,~3 5 000 c.p.m. acid-precipitable 35S were loaded onto the gels and fluorographic exposures were for 7 days. Sizes of individual protein 'spots' in non-instilled control horns (a) and instilled horns (b) were compared. No significant differences between the treated and control horns were evident at this time. Fig. 2 . Secreted proteins from uterine expiants 12 h after oil instillation. Control (a) and oilinstilled (b) horns were compared. Protein 1 was increased while Proteins 3 and 4 were decreased in the treated horns compared to control horns. In the treated and control horns, Proteins 5 and 6 were elevated and Proteins 7 and 8 depressed compared to amounts found at lh.
Responses to oil instillation in 'non-sensitized' uteri In mice, the full decidual reaction is dependent on oestrogen sensitization of the uterus (Finn, 1977) . When oil was instilled into the uterus of progesterone-maintained (non-sensitized) uteri, some but not all of the changes in secretion found in the oestrogen-treated animals occurred. Figure 4 shows the pattern found 24 h after oil instillation in progesterone-maintained animals. Protein 1 was increased in the oil-instilled horns to a level comparable to that of oestrogen-treated, oil-instilled uteri (compare to Fig. 3b) . Protein 2 was present in amounts similar to those in the instilled or control oestrogen-treated horns. Proteins 5 and 6 were also present in the instilled, progesterone-maintained horns in amounts similar to those of the oestrogen-treated uteri. These results show that some of the changes in uterine secretion found with the artificial induction of the Fig. 3 . Secreted proteins from uterine expiants 24 h after oil instillation. Control (a) and oilinstilled (b) horns were compared. Protein 1 secretion was still increased in the treated horns, but to a lesser extent than at 12 h. Proteins 3, 4, 7 and 8 remained depressed in the treated horns. Protein 2 began to be secreted at a low level in the treated and control horns. DCR are not dependent on oestrogen sensitization of the uterus. In contrast, Proteins 3, 4, 7 and 8 were not depressed in the progesterone-maintained uteri.
Response to instillation of cholera toxin Another set of experiments was run using cholera toxin as the deciduogenic stimulus, with instillation of phosphate-buffered saline into the contralateral horn serving as a vehicle control. The efficacy of this treatment to produce a DCR was confirmed (Table 1) . Figures 5(a) and (b) show that cholera toxin stimulated the secretion of Proteins 1 and 2, and inhibited the secretion of Protein 3, compared to non-instilled horns (compare to Figs 2a or 3a) . The effect of cholera toxin, although similar to that of oil, was not identical. The amount of Protein 2 was greater following Fig. 5 . Effect of cholera toxin on uterine protein secretion. Cholera toxin, 5 pg in saline, was instilled into progesterone-primed, oestradiol-sensitized uteri. After 18 h, secreted proteins were collected from saline-instilled control horns (a) and cholera toxin-instilled horns (b) and analysed. Changes in secretion patterns seen after oil instillation were also found with cholera toxin. In addition, Protein 2 was greatly increased by cholera toxin, a response also found in pregnant uteri. Saline appeared to decrease levels of Proteins 3 and 4, but other changes seen with deciduogenic agents were absent.
1 secretion was found to begin some time between 10:00 h on Day 4 and 10:00 h on Day 5 of normal pregnancy (Nieder & Macon, 1987) and, in the delayed implanting model, between 18 and 24 h after oestrogen administration . The present study demonstrated an increase in Protein 1 secretion between 6 and 12 h after oil instillation. In all of these models, increased secretion of Protein 1 was dependent on either the embryo or some artificial deciduogenic stimulus and was correlated with the reported timing of increased uterine vascular permeability. The increase in Protein 1 secretion has been shown to be transient both during normal pregnancy, with return to near basal levels by 10:00 h on Day 6, and during the oil-induced reaction when peak secretion occurs around 12 h after instillation.
Deciduogenic stimuli decreased the secretion of certain proteins which were also lowered during the normal peri-implantation period. Secretion of Proteins 3 and 4 is decreased on Days 5 and 6 of pregnancy, and is depressed within 12 h after oil instillation. Again, these changes are dependent on the embryo or other deciduogenic stimuli.
Although the protein patterns during oil-and embryo-induced decidualization are similar, they are not identical. Most notable is the large embryo-dependent increase in the 25 000 M, Protein 2 on Day 5 and especially Day 6 of pregnancy. During the oil-induced DCR, Protein 2 is detected at 24 h, but is present in smaller amounts than during pregnancy, and is roughly equivalent in the treated and control horns. A significant difference in the uterine response to the embryo and oil may be indicated by these results. This may be expected, since oil has been reported to have a more disruptive effect than the embryo on the uterine epithelium (Lundkvist & Nilsson, 1982 ). An oilinduced decrease in Protein 7 at 24 h was shown in the present study, a result similar to that found in the fertile horn of delayed implanting animals after oestrogen reactivation . During normal pregnancy, however, this protein was secreted in approximately equal amounts by the fertile and sterile horns. This difference may be accounted for by the acute administration of 'nidatory oestrogen' to a progesterone-maintained animal in the delayed implanting and oil-instilled models. The constant presence of low levels of oestrogen throughout the normal preimplantation period may result in a somewhat different uterine reaction to a deciduogenic stimulus.
Decidualization in response to the embryo or oil is strictly dependent on progesterone priming and 'nidatory' oestrogen sensitization (Finn, 1977) . On the other hand, some of the characteristics of the decidual reaction such as the increases in vascular permeability and prostaglandin F-2a concentrations in response to oil can also occur in the progesterone-maintained 'non-receptive' uterus (Milligan & Lytton, 1983; Milligan & Mirembe, 1985 Another effective deciduogenic stimulus is cholera toxin, a potent activator of adenylate cyclase (Moss & Vaughan, 1979) . In addition to stimulating the secretion of Protein 1 and depressing Protein 3, cholera toxin greatly increased Protein 2 secretion. The role of adenylate cyclase and cyclic nucleotides in the DCR and implantation is not clear and the deciduogenic action of cholera toxin may not involve its effect on adenylate cyclase (Wu & Chang, 1977; Rankin et ai, 1977; Johnston & Kennedy, 1984) . In any case, cholera toxin is able to evoke changes in uterine secretion which are quite similar to those of the uterine response to the blastocyst, and may be a better agent than oil for induction of an experimental DCR. It is also noteworthy that buffered saline, which served as a control for cholera toxin depressed Proteins 3 and 4 compared to non-instilled controls. In mice, saline does not cause decidualization in the sensitized uterus (Finn, 1977; Rankin et al., 1977; Milligan & Lytton, 1983) but does induce a rise in vascular permeability (Milligan, 1987) .
The present results have shown that uterine protein secretion does undergo some of the same changes in response to deciduogenic substances as it does in response to the blastocyst (i.e. Proteins \-i). These changes therefore do not appear to be embryo-specific. On the other hand, it is also apparent that different stimuli evoke somewhat different responses and that even saline instillation is not without effect on secretion. That some of the oil-induced changes also occurred in the pro¬ gesterone-maintained uteri implies that these modifications of protein secretion are not necessarily coupled to full stromal decidualization. This study was supported by grant HD 22368 from the National Institute of Child Health and Human Development.
